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Cell buoyant densities were determined by centrifugation in Percoll gradients containing exponential-phase
cells of Streptococcus faecium ATCC 9790 grown at a mass doubling time of about 33 min. This bacterium
showed the highest average density values (1.13 g/ml) measured to date for any eucaryotic or procaryotic
organism. Fractions having the highest densities were enriched with cells that were in the process of dividing
or had just divided. These high-density fractions were also enriched with cells that had newly initiated sites of
cell wall growth. It appears that S. faecium shows minimum cell densities in the midportion of its cycle.

For some time the buoyant densities of cells have been
measured with colloidal suspensions of silica by gradient
centrifugation (H. E. Kubitschek, Crit. Rev. Microbiol., in
press). Recently, the confidence in such measurements has
increased due to (i) the introduction of Percoll (a suspension
of colloidal silica coated with polyvinylpyrrolidone
[Pharmacia Fine Chemicals, Piscataway, N.J.]), which has a
low affinity for cell surfaces (12) and low osmolarity, and (ii)
an accumulation of knowledge as to how growth conditions
can affect buoyant density measurements (Kubitschek, in
press). With these advances, values for the variance in the
buoyant density of Escherichia coli during its cell cycle have
decreased from an early estimate of ~5%, which was ob-
tained from an analysis of the distribution of cells in Ludox
gradients (colloidal silica [19]), to the currently accepted
figure of <1%, which was derived from Percoll gradients (12,
15, 24). The current value of <1% suggests that the buoyant
density of E. coli changes little during its cell cycle (10, 12,
13). This conclusion recently was reinforced and extended
by showing that exponential-phase cells of E. coli fraction-
ated on the basis of size in sucrose gradients yielded invari-
ant buoyant densities (12).

In contrast with E. coli, it appears that the buoyant density
of Saccharomyces cerevisiae varies significantly during its
cell cycle (1, 6). This confirms the variable densities ob-
served in slide culture-grown cells of Saccharomyces cere-
visiae by Mitchison, who used interference light microscopy
(17). Mitchison also observed density changes in growing
cells of Schizosaccharomyces pombe (16) and Streptococcus
faecalis (18). However, the inability of other workers to
confirm these findings for Schizosaccharomyces pombe (14)
with Percoll has led to criticism of slide culture results
(Kubitschek, in press).

In this study we examined the claim of Mitchison that
there are density changes in chain-forming streptococci by
using Percoll gradients.

MATERIALS AND METHODS

Growth. To analyze accurately cells banded in Percoll
equilibrium density gradients, it was necessary to adjust the
osmolarity of the Percoll solution. This done by adding
concentrated growth medium to stock solutions of Percoll
before gradients were made. In the case of Streptococcus
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Jaecium ATCC 9790, the chemically defined medium (21)
normally used to grow the organism cannot be made in a
concentration high enough to adjust the final osmolarity of
Percoll to the osmolarity of the growth medium.

To overcome this problem, we grew Streptococcus
faecium in 20% growth medium and used undiluted growth
medium to adjust the osmolarity of Percoll stocks (see
below). The mass doubling time determined turbidi-
metrically (21) was 30 to 33 min.

The cultures analyzed by equilibrium density centrifuga-
tion were required to undergo at least 10 exponential-phase
mass doublings (determined turbidimetrically [21]). Chilled,
exponential-phase cells equivalent to ca. 2 pg of dry mass
per ml (21) were used to inoculate tubes containing 20%
growth medium and were allowed to undergo six exponen-
tial-phase mass doublings. At this time the culture was used
to inoculate 10 ml of prewarmed 20% growth medium with
sufficient cells to bring the culture to the equivalent of ca. 13
ng (dry mass) per ml. When this culture had gone through at
least four mass doublings and reached the equivalent of 215
g (dry cell mass) per ml, it was harvested for study.

Fractionation of cells by gradient centrifugation. The cul-
ture was either chilled in an ice bath or fixed by adding
formaldehyde to a final concentration of 0.37% for 30 min at
room temperature. This period of fixation was sufficient to
inhibit growth and cellular autolysis, as shown by no detect-
able change in turbidity when fixed cells were incubated for
18 h in 20% growth medium at 37°C. Because of the high
buoyant density of Streptococcus faecium cells, it was
necessary that stock solutions of Percoll (1.129 g/ml) be
concentrated to 1.249 g/ml by packing dialysis tubing con-
taining stock Percoll in sodium carboxy methyl cellulose
(Calbiochem-Behring, La Jolla, Calif.) for ca. 5 h at 4°C. The
osmolarity of the concentrated Percoll was adjusted with
undiluted growth medium by making a solution composed of
67% (vol/vol) concentrated Percoll (1.249 g/ml), 20% undi-
luted growth medium, and 13% water. This solution was
then diluted to form stocks of the desired density with 20%
growth medium, which were used in turn to make 35-ml
linear gradients (1.096 to 1.134 g/ml) in tubes (25 by 89 mm).

After being chilled or fixed, cells were concentrated by
centrifugation (8,000 X g, 10 min, 4°C), and the equivalent of
2.15 mg of dry cellular mass was suspended in 1 ml of the
lowest-density Percoll-growth medium stock used to form a
gradient. Gradients with cells layered on top were centri-
fuged for 10 min in a Beckman SW27 swinging bucket rotor
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FIG. 1. Average Streptococcus faecium cell volume (O) and cell
number (®) found in successive fractions of a Percoll gradient. The
solid line indicates the average density. Cell numbers and volumes
were estimated by electronic particle analysis.

at 22,500 x g at 4°C for unfixed cells and at 22°C for fixed
cells. Increasing the centrifugation time to 20 min did not
result in a change in cell band position or average buoyant
density. Also, introducing cells into the gradient during
preparation at the average density of exponential-phase
cultures of Streptococcus faecium (at ca. 1.13 g/ml) resulted
in banding of cells at the same buoyant density as observed
in cells that were loaded from the top of the gradient.
Gradients were collected at 4°C (unfixed cells) or 22°C (fixed
cells) from the top of each tube in 1-ml fractions by displace-
ment from the bottom with 65% (wt/wt) sucrose. The num-
bers of cells and their volumes were measured with an
electronic particle counter (Particle Data, Elmhurst, Ill.)
from Formalin-fixed samples diluted with 0.9% saline (4).
Buoyant densities were estimated from measurements of
indices of refraction of fractions with an Abbe refractometer.

Electron microscopy. The methods used for Formalin
fixation, critical-point drying, carbon-platinum replica prep-
aration, electron microscopy, and three-dimensional recon-
struction applied to electron micrographs of replicas to
estimate the volume of cells and their components have been
described previously (2, 3). The three-dimensional recon-
struction technique consisted of using a digitizer interfaced
with a computer (model 4051; Tektronix, Beaverton, Oreg.)
to convert the perimeters of cells seen in electron micro-
graphs of replicas into x and y coordinates (2). The coordi-
nates were mathematically rotated with the computer around
the central axis of each cell to estimate the volume of the
polar caps and growth sites seen in the cell. The volume
estimates and various other linear measurements were
stored on magnetic tape in such a way that the measure-
ments for each pole and growth site of each cell in a
population could be addressed separately. For this study, at
least 100 cells were reconstructed from each gradient frac-
tion analyzed.

RESULTS AND DISCUSSION

Separation of cells by density. Figure 1 shows the distribu-
tion of the number of unfixed exponential-phase cells of
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FIG. 2. Average cell volume (®) and frequency of cells with
small (>0- but <0.12-pm?3) central (A) and peripheral (H) cell wall
growth sites and cells in the division phase (cells with sites which
were >0.2488 pum®) (@), as determined by three-dimensional
reconstruction of replicas of cells taken from gradient fractions.
Each set of points represents an analysis of at least 100 cells from a
fraction.

Streptococcus faecium as a function of buoyant density as
measured by Percoll gradient centrifugation. The analysis of
such gradients gave an average cell density of 1.1309 g/ml
(range, 1.1301 to 1.1312 g/ml), which is greater than the value
measured for any procaryotic organism investigated to date.
The closest value to the Streptococcus faecium value is the
1.114-g/ml estimate reported for the yeast Saccharomyces
cerevisiae (Kubitschek, in press).

The cells of Streptococcus faecium appear to be very
dense, and the average coefficient of variation for the density
of these cells is 0.25%. This is very close to the value
obtained for E. coli when similar methods were used (0.15%
[12]). Figure 1 shows that, unlike the volume of E. coli, the
volume of Streptococcus faecium determined with an elec-
tronic particle counter changed with density. With increas-
ing density the volume of unfixed and fixed cells of Strepto-
coccus faecium increased and then decreased slightly in the
highest-density fractions. This pattern of change was also
seen when cell volumes were measured from three-dimen-
sional reconstructions of electron micrographs of replicas of
cells taken from gradient fractions (Fig. 2 and 3). However,
it should be noted that due to the dehydration that cells must
undergo in preparation for electron microscopy, the volumes
of cells calculated from electron micrographs are smaller
than those measured in a particle counter. From the fre-
quency distributions of volumes in electron micrographs, we
found that the decreases in volume in the highest-density
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classes (>1.132 g/ml) were due to increases in the frequency
of smaller cells (Fig. 3).

We concluded that the average cell volume changes in
Streptococcus faecium as a function of density; this finding
is dissimilar to results obtained for E. coli with comparable
methodology but similar to results obtained for Saccharo-
myces cerevisiae (1).

Further examination of the frequency distributions of cell
volumes from each fraction showed an increase in cells with
small cell wall growth sites with increasing density (Fig. 3).
To help explain these observations in terms of growth
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FIG. 3. Distributions of cell volumes in populations of cells
reconstructed from electron micrographs of cell replicas, taken from
fractions of Percoll gradients as a function of increasing buoyant
density. In each population, the distributions of the whole cell
volumes (poles plus growth sites) (solid lines) and the distribution
volumes of these same cells that had small (>0- but <0.12-pm?)
central (&xw) and peripheral (21 ) growth sites are shown. The
number in the upper right corner of each panel refers to the density
of the fraction analyzed (in grams per milliliter).
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FIG. 4. Diagrammatic representation of the cell cycle of Strep-
tococcus faecium. In the early and mid portion of the cell cycle, the
cell grows principally by the enlargement of the central growth site
(i.e., the cross-hatched zone). As the central site approaches a

maximum size of about 0.25 wm?® and division, new cell wall growth
sites (i.e., the stippled zones) appear at peripheral locations.

stages, Fig. 4 shows a diagrammatic representation of a cell
cycle of a rapidly growing culture of Streptococcus faecium.
At the mass doubling times used in these experiments (30 to
33 min), newly divided cells usually have a small cell wall
growth site in a central location between the polar caps (3).
It has been shown that such a site is capable of growing to a
maximum size of ca. 0.25 um? (2, 3). As a site approaches
this maximum size, new sites must be introduced in order for
the cell to continue to grow in volume. In rapidly growing
cultures, these new sites are initiated at peripheral locations
on either side of the central site before division. On division,
these peripheral sites become the central sites of the newly
divided cells. Thus, small newly initiated cell wall growth
sites can be observed in both central and peripheral loca-
tions.

For purposes of analysis, we defined a small site, regard-
less of location, as being >0 but <0.12 um?. It was by
selecting cells with growth sites in this size range from data
stored on magnetic tape gathered from the three-dimensional
reconstructions of populations of replicas of cells that the
distributions of subpopulations of cells with small sites were
determined in Fig. 2 and 3.

Figure 2 shows the increase in the frequency of cells in
each population with small sites at central and peripheral
locations as a function of increasing density. This figure also
shows the frequency of cells in the terminal stages of
division (i.e., those with central sites whose volume is
>0.2488 pm?). It is clear that with increasing density there
was an increase in the frequency of large dividing cells with
newly initiated sites at peripheral locations (i.e., cells with
central sites that were >0.2488 wm® which also had periph-
eral sites that were >0 but <0.12 wm?) and small freshly
divided cells with newly initiated sites in the central location
(i.e., cells with central sites that were >0 but <0.12 pm?).
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FIG. 5. Distribution of unfixed cells with small peripheral cell
wall growth sites as a function of buoyant density. A different
symbol was used for each of the experiments analyzed. Each
determination represents an analysis of at least 100 cells.

These data indicate that cells with the lowest density are
found in the midportion of the cell cycle; the cells with the
highest densities are observed just before and after division.

Reproducibility and sources of error. To examine the
reproducibility of our findings, we measured the frequency
of cells that had small peripheral sites in fractions of several
gradients (Fig. 5). We selected the small-peripheral-site
morphological characteristic because we could determine
the number of cells in a population of replicas with small
sites in this location by direct electron microscopic counts
without having to go through the laborious procedure of
three-dimensional reconstruction. Figure 5 shows that the
increase in the frequency of cells with small peripheral
growth sites determined by electron microscopic examina-
tion of cells found in gradient fractions of increasing density
was quite reproducible from gradient to gradient. In each
case at densities greater than about 1.13 g/ml there was a
sharp increase in the frequency of cells with small peripheral
sites.

It was important to explore several sources of error that
could affect the results obtained from Percoll gradient cen-
trifugation analysis (Kubitschek, in press). These sources
included (i) cells that were not centrifuged long enough to
reach equilibrium, (ii) cells that changed in density due to
growth or loss of materials during centrifugation or gradient
fractionation, and (iii) cells that were affected by osmotic
changes that could occur as cells passed through the gradi-
ent. In considering these sources of error, we concluded that
the 10-min period of centrifugation that we used was suffi-
cient to allow cells to come to equilibrium because we
obtained similar average densities (1.130 + 0.002 g/ml) and
comparable increases in the frequency of cells with small
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peripheral sites (i.e., an increase from 0.12 to 0.34 as
densities increased from below to above 1.13 g/ml) when
cells were centrifuged for 20 min and when cells were
introduced into gradients during preparation at a level cor-
responding to 1.13 g/ml. Also, it appeared that our results
were not due to growth or autolytic processes, for cells fixed
with 0.37% Formalin yielded average densities in a similar
range (1.13 g/ml) and similar increases in the frequency of
cells with small peripheral sites at higher densities (i.e., an
increase from 0.14 to 0.26 as densities increased from below
to above 1.13 g/ml) as measured in unfixed cells. Our
comparison of the average densities of the fixed and unfixed
cells must be qualified in that the gradients used to analyze
these cells were centrifuged at 4 and 22°C, respectively;
however, the important finding appears to be that the fixed
cells showed a distribution of cell cycle stages as a function
of density similar to that observed in the unfixed cells.
Finally, it seems unlikely that our results were due solely to
osmotic effects, for we obtained a separation of cell cycle
stages when fixed cells were centrifuged on Percoll gradients
to which no additions of medium components had been made
(i.e., under these conditions the average density of cells was
somewhat lower [1.120 g/ml], but the increase in the fre-
quency of cells with small peripheral sites showed a similar
pattern [i.e., an increase in frequency from 0.10 to 0.34 as
densities increased from below to above 1.120 g/ml]) similar
to the separation seen in unfixed cells analyzed in the
presence of growth medium components.

We concluded that cell cycle stages of Streptococcus
faecium cells can be reproducibly separated on the basis of
density and that this separation cannot be related to any
source of error which we considered.

Implications of results on models of cell growth. Our data
are consistent with the interference microscopy observa-
tions of Mitchison (18) of 25 years ago, which showed cell
cycle changes in the density of chain-forming streptococci.
However, the data of Mitchison are difficult to compare with
our data because of the high variability which he observed
between density and cell volume. In contrast, our findings
indicate a clear reproducible increase in density near the
division event. As stated above, in a recent review
Kubitschek considered Saccharomyces cerevisiae and
Streptococcus faecium (unpublished data) to be the only
examples of organisms that vary significantly in density
during their cell cycles (Kubitschek, in press). He suggested
that in part this might be due to the fact that cells of
Saccharomyces cerevisiae and Streptococcus faecium have
very high density values or large amounts of dense cell wall
or both. An additional argument might be that unlike E. coli,
which shows little variation in density but which rapidly
changes its dimensions under different growth conditions (5,
22, 23, 25), Streptococcus faecium demonstrates little vari-
ation in size in relation to its cell cycle or changes in growth
conditions (2—4, 8). Thus, the cell cycle changes in density
seen in Streptococcus faecium may be due to the relative
inability of this organism to quickly change overall cell
dimensions. This argument probably applies to Saccharomy-
ces cerevisiae as well, in which only small changes in the
dimensions of the mother cell occur during the budding
process (9). Also, the surface of Saccharomyces cerevisiae
and the surface of Streptococcus faecium grow in fixed
increments. The mother cell of Saccharomyces cerevisiae
(9) and a cell wall growth site of Streptococcus faecium (2-4)
share the common characteristic that once either the mother
cell or the central cell wall growth site reaches a maximum
volume, it is incapable of continued rapid increases in size.
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Thus, for rapid growth to proceed, the mother cell of
Saccharomyces cerevisiae must bud, and a cell of Strepto-
coccus faecium with a large central envelope growth site
must form new cell wall growth sites (Fig. 4).

In view of this pattern of growth, it has been proposed that
Streptococcus faecium might initiate new sites of cell wall
growth in response to an increase in cytoplasmic density or
pressure due to the fact that the cytoplasm is growing faster
than the surface of cells whose cell wall growth sites have
reached their maximum size (11). The hypothesis that den-
sity could control surface growth also has been proposed by
Rosenberger et al. (20). Certainly the increase in the fre-
quency of Streptococcus faecium cells with small sites as a
function of increasing density is consistent with such a
model. However, the fact that many of the cells with the
highest densities contain small growth sites indicates that the
appearance of new sites does not likely result in an immedi-
ate decrease in density. Some time might be needed before a
newly formed cell wall growth site can begin the rapid
growth which can lead to a decrease in density.

These interpretations are tentative, for we know little
about the physical and biochemical basis of the apparent
increases in density which we see in Streptococcus faecium
near division. For example, a recent autoradiographic study
(7) of Streptococcus faecium showed, at the 95% confidence
level, no change in the concentration of either RNA or
protein in exponential-phase cells. Either the measurements
were not critical enough to detect the very small changes in
density which we measured in our analysis of cells fraction-
ated on Percoll gradients, or the cell cycle changes in density
in Streptococcus faecium are related to changes in the
concentrations of substrates other than RNA or protein.

Additional work will be required before Streptococcus
faecium buoyant density measurements can be accurately
interpreted in relation to the physiology of the organism.
This system offers a valid approach for studies of the
regulation and synthesis of the cell surface of this organism.
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